A technique to image gate oxide integrity ͑GOI͒ defects across large gate areas has been developed. First, a low-ohmic bias pulse is used in order to break down nearly all GOI defects in a large area metal-oxide-semiconductor ͑MOS͒ structure. Then a periodic bias of typically 2 V is applied and the local heating caused by the leakage current through the broken GOI defects is imaged by infrared ͑IR͒ lock-in thermography. This method allows us to detect very small temperature variations down to 10 K at a lateral resolution down to 10 m. The determined defect densities in Czochralski silicon materials with various densities of crystal originated particles are in good agreement with charge-to-breakdown measurements of small area MOS capacitors. In conclusion, IR lock-in thermography provides a fast and reliable imaging technique of the lateral GOI defect distribution across the entire wafer area.
I. INTRODUCTION
The yield and reliability of metal-oxide-semiconductor ͑MOS͒ devices are strongly affected by crystal originated particles ͑COPs͒.
1 It is well known that COPs strongly reduce the dielectric breakdown voltage of the insulating SiO 2 layer at a gate oxide thickness t ox Ͼ10 nm in MOS structures if they are located at the silicon/silicon-oxide interface, i.e., they cause gate oxide integrity ͑GOI͒ defects. As the features of ultralarge scale integrated circuits becomes smaller, it is increasingly desirable not only to measure the density but also to image the lateral distribution of GOI defects across large areas.
So far, various detection tools have been developed in order to localize probably equivalent crystal defects, which have been designated according to the used technique, as flow pattern defects, 2 light scattering tomography defects 3 or optical precipitate profiler defects. 4 These methods allow us to detect defects in the crystal structure but, only for COPs, a one-to-one correlation to GOI defects was found. 5, 6 This article presents a technique that allows us to directly image electrically broken GOI defects across large area MOS structures. Lock-in IR thermography is used to image the local temperature variation caused by Joule heating of the leakage current in these GOI defects.
In earlier approaches, several researchers have tried to use scanning probe techniques in contact or noncontact mode 7 to investigate thermophysical properties like thermal conductivity 8 or lateral temperature variations 9 on semiconductor devices at a microscopic scale. However, these approaches have rarely been used for imaging GOI defects, because they are time consuming, have a low sensitivity and are not large area compatible. In this work, the advantage of the nondestructive IR imaging was combined with the lock-in technique in order to improve the temperature signal resolution to about 10 K. Lock-in IR thermography is a suitable tool for fast mapping of GOI defects. It allows us to determine the defect density as well as the lateral defect distribution across whole wafers.
II. EXPERIMENT
The first step in the detection of GOI defects with lock-in IR thermography is to electrically break down nearly all defects in a large area MOS structure by applying a lowohmic bias pulse. To limit the structural damage caused by the high current through the broken GOI defects, the pulse width is limited to times between 1 s and 100 ms. A special pulse generator was constructed to apply pulses of 10-50 V and up to 500 A with the specified pulse width. After the bias pulse has established an electrically conducting path through the oxide, a periodic voltage of typically 2 V and 16 Hz is used to generate local temperature variations at the sites of the broken GOI defects by Joule heating. This temperature modulation is then visualized with lock-in IR thermography. Up to now, broken GOI defects have been localized by electron beam induced current ͑EBIC͒ or laser beam induced current. Leamy 10 showed that broken GOI defects give rise to a bright contrast in EBIC. Figure 1 shows an EBIC image ͑left͒ of a broken GOI defect in a MOS capacitor of 1.5 ϫ 1.2 mm 2 and the corresponding lock-in thermogram. This thermogram was recorded at a lock-in frequency of 54 Hz, using a measurement voltage of 4 V. The measurement time was 100 s. It verifies that broken GOI defects are detectable with lock-in IR thermography.
A schematic view of the lock-in IR-thermography system is given in Fig. 2 . The sample is adjusted to the sample holder, kept by a thermostat at a well-defined temperature, by means of a plastic film and a vacuum. The plastic film is painted black to improve its IR emissivity. For the electrical contact of the upper side of the sample a thin nickel foil is used, while the sample holder itself serves as the backside contact. The emitted IR light is collected by an IR camera containing an InSb focal plane array of 128 ϫ 128 pixels running at a frame rate of 217 Hz. A computer triggers the pulse amplifier with a maximum possible lock-in frequency of 54 Hz. Two different parallel running frame grabber boards process the on-line floating point data in two channels providing the sine-and cosine-lock-in correlation. From these two images, corresponding to two different phase positions, the phase-independent amplitude image can be calculated. Although the IR camera has a temperature resolution of 6 mK, by averaging over thousands of periods or approximately over 30 min, a temperature resolution of about 10 K at a lateral resolution down to 10 m can be achieved. The aim of this work is to determine appropriate parameters, i.e., voltage pulse height and width for the breakdown, and finally the localization of nearly all GOI defects in a given area. Three different Czochralski silicon materials with defect densities of 15-40 cm Ϫ2 for sample A, 9-15 cm Ϫ2 for sample B and 4-9 cm Ϫ2 for sample C were investigated. These given defect densities were evaluated from charge-tobreakdown measurements on small area capacitors. The whole-wafer MOS capacitors used in this investigation consisted of a n ϩ -poly-Si layer on top of a 25-nm-thick oxide of a thermally oxidized Si ͑001͒ p-doped wafer. An Al layer was used as a backside contact. The wafers were cleaved into samples of 2 ϫ 2 cm 2 and a central area of 1 ϫ 1 cm 2 was investigated. The first thermogram was taken directly after mechanically cleaving the sample. Then pulses of increasing voltage in the range from 10 to 35 V ͑corresponding to electrical fields of 4 . . . 14 MV/cm͒ were applied to the MOS structure and after each pulse a thermogram was recorded. Pulse widths of 2 s, 100 s and 10 ms were used. The electrically broken GOI defects were localized and counted. Figure 3 shows a typical example of a lock-in thermogram of such a sample. The defects at the edge of the sample are very likely due to the cleaving process and are not considered, since only defects in the 1 cm 2 center area are counted.
III. RESULTS AND DISCUSSION
The coordinates of all visualized GOI defects were recorded after each bias pulse. By comparing the thermograms taken after each pulse of increasing voltage, the number of additionally detected GOI defects, i.e., the number of GOI defects activated during this pulse, was derived and is shown in Fig. 4 as a function of the voltage pulse height. It can be seen that GOI defects start to break down at an electrical field of 5 MV/cm, which is well known from literature to be the typical breakdown field of B-mode failures.
11 A correlation between pulse width and breakdown voltage can be seen. The voltage needed for B-mode breakdown is diminished for longer pulses. This observation can be explained by the effect known as ''oxide wearout.'' 12 The same behavior as shown for material A was observed for the other materials with lower defect densities.
By comparing the thermograms of a measurement series, it was observed that some of the already detected GOI defects are no longer visible after increasing the bias voltage pulse. In order to understand the reason for this behavior, bias pulses of different pulse widths were applied to three samples of the same material. The surface of the samples was investigated with the scanning electron microscope in the secondary electron ͑SE͒ mode and in the EBIC mode. In the EBIC image of the samples ͑Fig. 5, left͒ bright and dark spots were observed. The corresponding SE image ͑right͒ revealed damage at the sites of the dark EBIC spots while no obvious damage at the poly-Si surface was observed elsewhere. We also observed that shorter pulses result in less damage than longer ones. Thus, deactivation or selfhealing 13 of GOI defects is connected with surface damage which was reported earlier by Yamabe, Taniguchi, and Matsushita. 11 They observed randomly distributed light flashes in MOS structures during electrical breakdown measurements. Investigation with scanning electron microscopy ͑SEM͒ revealed that the poly-Si electrode was molten and partially splashed away at the site where the flash occurred, thereby disconnecting or destroying the conductive path through the oxide.
Our measurement regime allows us to determine the number of deactivated GOI defects as a function of the voltage applied to the MOS structure ͑Fig. 6͒. The number of deactivated GOI defects, normalized to a bias step of 1 V, is shown here for the material A with high defect density. Deactivation of the electrically broken GOI defects was observed for electrical fields higher than 7 MV/cm. For all investigated pulse widths, the value of the electrical field needed for the elimination of GOI defects was about the same, while the number of destroyed GOI defects was dependent on the pulse width. Interestingly, the highest number of deactivated GOI defects was observed for the pulse width of 100 s and not for the longest pulse of 10 ms. We suggest that some GOI defects, which had been activated at the beginning of a 10 ms pulse, were caused by the high current, already deactivated during the very same pulse. Such GOI defects would not be observable with IR thermography, and therefore the pulse width of 10 ms is less suitable in our measurement procedure for this material.
The total number of detected GOI defects can be calculated by adding the number of deactivated and of visible GOI defects after a certain pulse. Figures 7-9 illustrate the total number of detected GOI defects as a function of the pulse voltage for the three investigated materials with different defect densities. As discussed before, the total number of thermographically detected GOI defects is highly dependent on the pulse voltage. In addition, a pronounced and systematic FIG. 5 . EBIC ͑left͒ and corresponding SE images ͑right͒ after pulse width of 10 ms, 100 s and 2 s. decrease of the number of detected GOI defects was observed for a decreasing defect density ͑material A-C͒ for the pulse width of 2 s. This may be due to the fact that the crystal defects causing GOI defects are bigger for lower defect densities. For a pulse width of 10 ms the rate of deactivated GOI defects increases with decreasing defect density. A good agreement of the electrically determined defect densities and the total number of thermographically detected GOI defects could be observed for all investigated materials for a bias pulse width of 100 s. Hence, under these conditions the breakdown of almost all of the GOI defects occurs in all investigated materials.
IV. CONCLUSIONS
A technique to image GOI defects was presented. Pulsed low-ohmic breakdown in combination with IR lock-in thermography allows the localization of nearly all GOI defects in large area MOS structures. This technique can be used to determine the statistical behavior of GOI defects as a function of the breakdown voltage, i.e., the determination of the probability of A-, B-and C-mode breakdown to occur. Using a pulse width of 100 s and a stepwise rising voltage, a very good agreement of the number of thermographically visualized GOI defects with defect densities determined in conventional electrical measurements was found for all investigated materials. In addition, this method offers the possibility to visualize the defect distribution across the whole wafer area.
The electrical field needed for the electrical deactivation of GOI defects was determined to be above 7 MV/cm. We confirmed that ''self-healing'' or deactivation of GOI defects is related to a high structural damage, visible by SEM at the poly-Si surface. We have shown that in EBIC images bright spots correspond to electrically active and dark spots to deactivated or electrically isolated GOI defects. .
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